ABSTRACT Proteomics developed initially from the decade-long study of comprehensive protein visualization on two-dimensional electrophoresis gels has been expanded by mass spectrometry and the growth in searchable sequence databases. Currently, by use of more sophisticated technology such as a combination of multidimensional chromatography and mass spectrometry, thousands of proteins can automatically be identified in a day along with semiquantitative information on differential-protein expression. As with differential gene expression by cDNA-chips, the differential-protein analysis is useful for monitoring and identifying proteins involved in various physiological changes in cells or organisms, although the analysis alone does not necessarily provide information regarding the cause of the change or the function of the proteins. However, proteomics also provides the tools to expand into more sophisticated biochemical approaches, such as the study of protein interactions that can be determined directly by performing a pull-down assay with a bait protein followed by mass spectrometric identification of the bound proteins. Proteomics, thus, is useful for both large-scale surveys of proteins and detailed studies of the functional relationships among the proteins of interest. Certainly this approach can be applicable to the assessment of amino acid adequacy and safety.
Proteomics originally referred to the study of the proteome using technologies of large-scale protein separation and identification. The word proteome is a coined term as a linguistic equivalent to the concept of genome and is used to describe the complete set of proteins that is expressed and modified after expression by the entire genome in the lifetime of a cell (1, 2) . Thus, proteome analysis is a complement to DNA-sequence and RNA-expression analyses, especially because proteomic techniques can often be applied in the context of near-comprehensive knowledge of the genome sequence (1, 2) . Proteome analysis is performed by protein-separation techniques, such as two-dimensional electrophoresis. Thus many people might think that proteome analysis involves the use of two-dimensional electrophoresis and mass spectrometry. This is only partly true. More sophisticated and advanced technologies such as liquid chromatography-based technology coupled with mass spectrometry have now been developed.
General approaches in proteomics
In general, a proteomic approach begins with the analysis of the protein components in a proteome obtained from certain cells or tissues, and thus identifies and quantifies each of the proteins that constitute the proteome ( Fig. 1) (3, 4) . This analysis is called ''protein profile analysis,'' and the term ''expression proteomics'' means a field of research of protein profile analysis. Differential protein profile analysis can identify the protein cluster characteristic of a certain proteomic phenotype. Thus, by means of expression proteomics we will be able to identify a protein cluster that has changed in the cellular response to a given environmental change. In proteomics, we also try to analyze the functional relationships among proteins in the identified protein cluster, or directly analyze protein interactions. This part of the proteomic analysis is called ''functional protein-linkage analysis'', and the term ''functional proteomics'' often means a field of research of functional protein-linkage analysis (3, 4) . Thus, proteomics also provides the tools to scale up conventional biochemical approaches, such as those for large-scale protein-interaction analysis.
Protein profile analysis (expression proteomics)
Electrophoresis-gel-based proteome analysis. The peptide mass fingerprinting (PMF) 4 method after two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) of a protein sample is commonly used for protein profile analysis. Each one of the stained protein spots is excised from a 2D-PAGE gel and in-gel-digested with a protease, such as trypsin. The peptides are extracted and applied to a mass spectrometer, such as a matrix-assisted laser desorption ionization (MALDI)-time-offlight (TOF) mass spectrometer to obtain the exact mass values of the peptides analyzed. A certain set of the peptide mass values, or peptide mass fingerprint, is searched against a protein sequence database by using search programs, such as Ms-Fit, that has been developed by Drs. P. Baker and K. Clauser of the University of California and is currently available through the Internet (http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm) accessed April 24, 2002. As an example of the use of the 2D-PAGE-based analysis, differential expression analysis of the nematode Caenorhabditis elegans (C. elegans) before and after sodium salicylate treatment is shown in Figure 2 (H. Saito, unpublished data, 2002). This drug is known to have analgesic, antipyretic and antiinflammatory effects, however, its mechanism of action is not known. The protein spots that increased or decreased as well as many of the spots remaining unchanged by the drug treatment were excised to identify the proteins by the PMF method. The identified proteins are then classified into three clusters according to their changes in the expression level, i.e., increased, decreased and unchanged after the drug treatment (Fig. 3 ). This protein profile should be characteristic of the proteomic phenotype affected by the treatment of C. elegans with sodium salicylate, and may thereby be called the ''proteomic signature''. We do not know the functional connections among the proteins included in the cluster; however, the proteomic signature can be the marker of a biological response and can help to reveal fundamental biological mechanisms in the future (5) .
The proteomic phenotypes are used for characterization of certain states of biological phenomena and, like DNA array technologies monitoring the mRNA expression level, can be used for the characterization of certain states of physiological conditions. The proteomic signatures can be the markers of a certain condition of health and can be used to monitor, for example, whether one is healthy or suffering from a certain disease. Likewise, the time course to reestablish health after medication may also be monitored. Certainly this approach can be applicable to the assessment of amino acid adequacy and safety.
Liquid chromatography (LC)-based proteomic analysis. To characterize the proteomic phenotypes, large numbers of samples must be analyzed. There are undoubtedly variations in the proteomic phenotype from person to person, which are not related to a certain disease condition or medication but often originate from differences in genetic background or lifestyle. Thus, the term high throughput becomes a major issue for the proteomic analysis to specify the proteomic signature, because many thousands of proteins have to be identified even for a single sample from one person. Despite the efforts to automate the multistep manual experimental processes, the gel-based technologies are insufficient to adapt to this demand both in terms of speed and efficiency of protein identification. The liquid chromatography (LC)-based technology has thus emerged to serve as an alternative proteomics technology that, in combination with the electrospray ionization (ESI)-tandem mass spectrometry (MS/MS), allows us online automation of protein analysis. The identification is based on the method called ''peptide sequence tag'', in which the internal amino acid sequence is considered for a more reliable peptide assignment and protein identification.
Two-dimensional liquid chromatography (2DLC)-MS/MS system for proteomic analysis. Almost two decades ago, we developed an automated 2DLC technique for systematic separation of very complex peptide mixtures (6, 7) . We have now refined the 2DLC method by incorporating new MS technology, such as replacing a conventional UV detector by a mass spectrometer with an ESI source. Figure 4 shows our new platform for proteomics: online 2DLC-MS (MS/MS), which provides a fully integrated analytical platform for nongelbased large-scale protein identification (8) . The resolution power of the chromatography is multiplied by the combination of two columns (an ion-exchange column and a reversed phase column). Because MS is an excellent tool for separating biological samples very precisely according to their molecular mass, direct coupling of MS further increases the resolution of the 2DLC system. Thus, the theoretical separation capacity of the 2DLC-MS system may be .10,000 proteins or peptides (8) . Combined with the automated tandem MS technique, the system also provides simultaneously, upon detection, the structural information of samples.
A typical single run of the 2DLC-MS/MS system produces no less than 1 gigabyte of tandem mass spectral data. In our system, the data are converted to a peak list text file, which is used for an automatic Mascot search against a public database. We apply no more than 200 mg of tryptic digest of protein mixture to the system and it takes ;16 h for a single operation of the system. Our system produces ;14,000 MS/MS spectra in a typical single run and enables us to retrieve ;4000 peptides, of which 800-1000 proteins are identified by the database search.
Performance and limitation of the 2DLC-MS/MS system. We validated this 2DLC-MS/MS technology in terms of coverage of proteins expressed in the cell by applying it to the 4 Abbreviations used: 2DLC, two-dimensional liquid chromatography; 2D-PAGE, two-dimensional polyacrylamide gel electrophoresis; CAI, codon adaptation index; ESI, electrospray ionization; ICAT, isotope coded affinity tag; LC, liquid chromatography; MALDI, matrix-assisted laser desorption ionization; Mr, molecular mass; MS, mass spectrometry; MS/MS, tandem mass spectrometry; pI, isoelectric point; PMF, peptide mass fingerprinting; TAP, tandem affinity purification; TOF, time of flight. identification of proteins present in C. elegans (9) . For this purpose, the homogenate of cultured C. elegans was separated into insoluble and soluble fractions. Each fraction was alkylated and digested with trypsin, and analyzed by our 2DLC-MS/MS system. After making allowance for proteins duplicated in the two fractions, we identified a composite proteome of 1616 unique proteins that were expressed in C. elegans. The identified proteins include 242 membrane and/or predicted membrane proteins, and 110 secreted proteins, most of which are rarely found in the 2D-PAGE-based studies. Of the 1616 proteins identified, 571 were hypothetical proteins whose presence had only been predicted from open reading frames of the genome sequence. Thus, we confirmed in this study that those hypothetical proteins are actually expressed in C. elegans. We also identified many proteins with posttranslational modifications. At least 59 proteins were N-terminally acetylated, and 85 potential phosphorylation sites were predicted in the proteins from the worm.
Unlike nucleic acids that have relatively similar physicochemical characteristics, proteins have a wider range of molecular mass (Mr) and isoelectric points (pI). This variety is a major issue in protein separation for expression profiling. Because the LC-based technology described depends on the analysis of peptide fragments rather than proteins, we expected that the LC-based method could identify proteins regardless of this physicochemical diversity. In fact, the comparison of the distribution of pI and Mr of the 1616 proteins identified with that of the proteome predicted from the genome sequence (expected to contain 20,219 protein entries) revealed that the theoretical and experimental sets of distribution almost overlapped as shown in Figure 5 (9). The most acidic protein identified by the 2DLC-MS/MS technologies was pI 5 3.48, FIGURE 2 Differential protein profile analysis of sodium salicylate-treated C. elegans by 2D-PAGE. C. elegans was cultured in a liquid medium containing E. coli and divided into two cultures, one was treated with sodium salicylate (right electrogram), and the other was not (left electrogram). Arrowheads indicate the protein spots decreased by the treatment in the left, and those increased by the drug treatment in the right. The decreased and increased protein spots as well as unchanged spots were excised to identify the proteins in those spots by peptide mass fingerprinting method. conversely the most basic one was pI 5 12.41. The smallest gene product detected was Mr 5 6.0 kDa and the largest one was Mr 5 1369 kDa (This protein is plotted outside of the area indicated in Fig. 5 .; thus, it cannot be seen in this figure) . Only a small fraction of the gene products encoded in the C. elegans genome was out of the range of detection. The earlier studies of the C. elegans proteome using 2D-PAGE identified no proteins with Mr . 180 kDa or proteins with pI . 10 (10). We estimated that the 2DLC-MS/MS systems has the potential to detect .99% of proteins predicted from the genome sequence of C. elegans with respect to their Mr and pI distributions.
We also estimated the limitation of our method in terms of the abundance of proteins expressed in C. elegans (9) . For this purpose we used the codon adaptation index (CAI) of the genes predicted from the C. elegans genome. CAI is widely used as an indicator of protein expression level. The positive relationship between the expression level at the transcriptional level and the frequency of favored codon in C. elegans was directly demonstrated with the experimental observation of over 8000 genes rather than statistical prediction. Therefore, we examined the 1616 proteins identified by this study in terms of their possible abundance in C. elegans, using CAI as a convenient indicator (Fig. 6) . According to this examination, the LC-based technology favored the identification of proteins with higher abundance. Nonetheless, it appeared to have a much wider dynamic range than conventional 2D-PAGE, as most of the 400 low abundant proteins identified in this study had not been identified by the previous 2D-PAGE studies (9,10).
Our LC-based protein identification technology is based on the analysis of peptide fragments derived from proteolysis of a complex protein mixture. Thus, the number of peptide hits used to identify a protein is thought to relate primarily to the abundance of a protein in the sample mixture and to the protein length (the number of peptides generated by tryptic digestion). Although we could not find any bias in the length of identified proteins by CAI, the average number of peptide hits was directly correlated with the CAI value of the identified protein, such that the average number of peptide hits increased with increasing CAI values of the identified proteins (Fig. 6) .
Presently, quantification is the main concern for the LC-MS/MS method. The isotope coded affinity tag (ICAT) method has been reported to be applicable to LC-MS/MS analysis (11). However, there are still some difficulties in applying the ICAT method to the 2DLC technology. Thus, we are currently working on developing alternative methods by which protein quantification is possible.
Functional protein-linkage analysis (functional proteomics)
Proteomics tries to analyze the functional relationship among proteins by the direct analysis of protein interactions. Protein profile analysis gives us information regarding what sorts of proteins are expressed to what extent in the biological samples. The analysis also provides information about the correlation of expression among the proteins, which may suggest some functional relationships. In contrast, by using the protein-linkage analysis we try to categorize proteins into certain functional groups, such that some proteins constitute an energy production system through physical interaction or by making a cascade like the TCA cycle or constitute a certain cell signaling cascade, etc. The goal of the functional proteinlinkage analysis is to understand the structures, interactions, and functions of the proteome expressed in a cell or organism, and to contribute directly to the elucidation and validation of FIGURE 4 Two-dimensional LC-MS/MS system for large-scale protein identification. The chromatography was carried out by a combination of 1 st dimensional anion-exchange (AE) and 2 nd dimensional reversed phase (RP) liquid chromatography (LC), which were synchronized by a computer program (System Controller). The 1 st AE-LC was performed on a C1 column (2 mm ID 3 35 mm L, 5 mm particles, TOSOH, Tokyo) and the 2 nd RP-LC was on a C2 column (320 mm ID 3 100 mm L, 3 mm particles, Kanto Chemicals, Tokyo). The system was also equipped with a small trap column packed with Mightysil-C18 (1 mm ID 3 5 mm L) that was inserted between the two analytical columns through a 6-way column-switching valve (E-Valve). A peptide mixture was first separated on a C1 column by 10 discrete step gradients of NaCl from 0 to 400 mM (0, 20, 40, 60, 80, 100, 120, 160, 200, 400 mM NaCl in 25 mM Tris-HCl, pH 8.0, respectively) at a flow rate of 100 ml/min by using the first LC system (LC-2). Peptides eluted by each step were captured once on a trap column for desalting, and then sequentially separated further on a C2 column by 70-min linear gradient (5-40%) of acetonitrile in 0.2% formic acid at 5 mL/min by using the second LC system (LC-2). Eluted peptides were sprayed directly into a hybrid mass spectrometer (Detector MS, MS/MS). The total analysis time of a single 2DLC process was 16 h. MS/MS data generated by mass spectrometry are generally converted to text files listing mass values of fragment ions and analyzed by appropriate search engines for peptide assignment and protein identification on gene/protein database (Public Database). The other abbreviations used are: B1;4, solvent reservoirs; M, solvent mixer; D, drain line; In, injector; P, high pressure pump; P5, syringe pump. Reprinted with permission from (8) .
biological events. To determine a functional linkage among proteins, the following strategies are commonly used. The first approach is organelle component analysis that is a basic approach for grouping functionally related proteins. By this approach, cellular organelles, such as the nucleus, nucleolus, nuclear membrane, Golgi apparatus, mitochondrion, etc. are prepared as purely as possible and as many protein components as possible are identified by proteomic analysis (12) . The second approach is a comprehensive yeast two-hybrid analysis, by which thousands of protein interactions are systematically determined. In the case of the yeast, 6000 proteins that cover almost the entire proteome encoded by the yeast genome have been analyzed by two-hybrid analysis (13) . This approach can be extended to proteins from other species. The third approach, protein chip analysis, is similar to DNA chip analysis and is expected to be used for protein interaction analysis (14) . The final approach is protein complex analysis, which is what we would like to focus on for the rest of this article.
Systematic analysis of protein complexes. Recently, two groups, one from Cellzome Corporation based in Germany, and the other from MDS Proteomics in Canada reported comprehensive protein complex analyses (15). Each group has characterized hundreds of distinct multiprotein complexes in the budding yeast Saccharomyces cerevisiae, using approaches in which individual proteins are tagged and used to pull down associated proteins and then analyzed by mass spectrometry. They revealed the protein complex network and the groups of connected complexes. The protein complexes were connected by one or more protein components, which are shared by at least two different protein complexes. Thus, many cellular functions are carried out by proteins bound together in complexes that may be coordinated into a higher-order network of interacting protein complexes (15). However, our knowledge of the protein-complex network is far from complete even for the yeast, and little is known for other organisms such as humans. Because the integration of our knowledge of the protein networks in cells is a key to understanding various biological events at a molecular level, the development of technologies to analyze the protein complexes are certainly very important.
Proteomic analysis of protein complexes isolated by use of affinity tags. To isolate a protein complex, we commonly use a tag, such as epitope FLAG tag or tandem affinity purification (TAP) tag, which is attached to a target protein to create a ''bait'' protein. DNA encoding the bait protein is introduced into cultured cells, allowing the tagged protein to be expressed in the cell and to form physiological complexes with target proteins. Then, using the tag, the bait protein is pulled out with the entire complex from the cell, or in other words, fishing out the entire complex with it. Then, the proteins fished out with the tagged bait are separated by SDS-electrophoresis. Each of the stained protein bands is excised from the gel, in-gel digested with protease and analyzed by mass spectrometry. We applied this approach to a nucleolar protein, nucleolin that is known to be involved in ribosome biogenesis (16) . The pulleddown preribosome complex was separated by SDS-electrophoresis (Fig. 7) . We succeeded in identifying 60 protein components in the complex obtained from human 293EBNA cells by the PMF method, which is very powerful if compared with the conventional methods of classical protein chemistry. However, the gel-based MS analysis is still tedious and labor intensive, and takes many weeks and sometimes several months even for the analysis of a single protein complex. 
FIGURE 6
Codon adaptation index (CAI) of the genes predicted from the C. elegans genome (black) and the proteins identified by 2DLC-MS/MS (gray). The worm proteins were categorized into three classes of expression level, high (CAI $ 0.7), moderate (0.5 # CAI , 0.7) and low (CAI , 0.5) expression levels as indicated in the figure. The CAI distribution of the entire C. elegans proteome suggested that only 16% of the whole proteome (;3000 proteins) is highly and moderately expressed (CAI $ 0.5), the remaining 84% is at a low expression level (CAI , 0.5). Meanwhile, 66% of the highly expressed proteins (having CAI $ 0.7) expected to be encoded in the C. elegans genome were identified. However, no more than 30% of the moderately expressed proteins (0.5 # CAI , 0.7) and only 3.4% of the low expressed proteins (CAI , 0.5) were detected. The figure also indicates the average number of peptides used to identify proteins with different CAI ranges (white block).
Efficient and sensitive protein identification by direct nano-LC-MS/MS system. For more efficient protein identification, we developed a novel LC-based technology (Fig. 8) . Instead of separating protein components by SDS-electrophoresis, we digested the isolated protein complex directly with a protease such as trypsin, and separated the peptide mixture by use of a ''direct nano-flow'' LC-system (17) . The LC-system is coupled with the data-dependent collision-induced dissociation tandem MS (MS/MS) and a series of computer programs to process automatically the MS data and finally to assign proteins in the genome/protein database. The most characteristic feature of our direct nano-flow LC system is its unique flow system equipped with a novel splitless nano-flow gradient elution device, which allows us to use a fritless high-resolution column, i.e., a miniaturized electrospray interface (ESI) column packed with 1-mm reversed phase beads, at an extremely slow flow rate ($50 nL/min) (17) . Peptides separated by the ESI column are introduced directly into MS (QToF2) without diffusion, therefore at maximized concentration. Although 60 proteins of the nucleolin-binding complex were identified by the gelbased analysis as described above, we could identify 121 proteins in the same protein complex by this direct-nano-LC-MS/ MS system. All proteins identified by the gel-based analysis were included in the proteins identified by the LC-MS/MS analysis. The analysis was completed within 60 min using much smaller sample consumption (;200 ng protein complex) than required by regular LC-MS/MS.
Application of direct nano-LC-MS/MS system to the analysis of the dynamics of protein-complex composition. A particular complex is not necessarily of invariable composition nor are all protein components uniquely associated with that specific complex (15). With several distinct tagged proteins as entry points to purify a complex, the core components can be identified and validated, whereas more dynamic, perhaps regulatory components may be present differentially in the complex (Fig. 9) . We applied the direct-nano-LC-MS/MS technique to the analysis of the dynamics of complex composition of preribosomal ribonucleoprotein complexes. In addition to nucleolin, we selected B23 and fibrillalin as bait to pull down preribosome complexes at different stages of their biogenesis that take place in the nucleus of mammalian cells. SDS-electrophoresis indicated that many protein bands were commonly present in all three-protein complexes, whereas others were uniquely present in a particular complex. To identify the protein components, we analyzed the three complexes by our nano-LC-MS/MS system after tryptic digestion. In each protein complex, 110-190 proteins were FIGURE 8 LC-based protein identification of a protein complex pulled down by a target protein as bait. Instead of separating protein components of an isolated protein complex by SDS-electrophoresis, we digest the isolated protein complex directly with protease, and separate the peptide mixture by use of direct nano-flow-LC-system. The LC system is combined with data-dependent collisioninduced dissociation tandem MS (MS/ MS; QToF2) and computer-assisted retrieval of spectra to identify proteins from which the retrieved peptides have originated.
identified. It should be noted that the LC-based technology is a fully automated 1-h process and easy to repeat for the confirmation of protein identification. Thus, we were able to identify many core components of preribosome complexes, as well as many other components found uniquely at a particular stage of the ribosome biogenesis which we assume have dynamic, regulatory roles in the biogenesis. We are now trying to develop completely automated equipment that will allow us to perform microscale two-step affinity chromatography on a surface plasmon resonance sensor chip (18) and subsequent online protein identification of the affinity purified protein complex by the nano-LC-MS/MS system.
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FIGURE 9
Isolation of protein complexes with distinct tag proteins with several distinct tagged proteins as entry points to purify a complex, core components can be identified and validated, whereas more dynamic, perhaps regulatory components may be present differentially.
